Juvenile myelomonocytic leukemia is a rare neoplastic disorder occurring in early childhood often showing an aggressive progression. We report a case of a twin pair with concordant JMML
Introduction
Juvenile myelomonocytic leukemia (JMML) is a rare myelodysplastic/myeloproliferative disorder, characterized by the malignant transformation of myeloid progenitors in the stem cell compartment [1] . Clinical features like hepatosplenomegaly, lymphadenopathy, pallor, fever and skin rash, peripheral blood monocyte counts >1x10 9 /L, bone marrow blast counts <20% and the myeloid population and in the derived T-cell lymphoma, suggesting the pluripotent stem cell as the cell of origin [8] .
In a murine model of myeloproliferative disease a conditional knock-in mutation of Ptpn11E76K in pan hematopoietic cells resulted in the activation of hematopoietic stem cells (HSCs) and myeloid progenitors [9] .
With respect to the timing of appearance of the mutation during hematopoietic stem cell differentiation, no data are currently available for JMML patients with the most common PTPN11 mutation (i.e. 35% of patients).
This report presents the results of a two-year study on a monozygotic twin pair suffering from concordant juvenile myelomonocytic leukemia (JMML), carrying the same PTPN11 mutation and a rare 46, XY, -7 +mar karyotype but presenting a very different disease course. A clinical case report described the outcome of allogeneic hematopoietic stem cell transplant in this twin pair [10] .
Methods
Materials and methods are described in full detail in the Supplemental Appendix.
In summary, we used the following approaches to analyze the specimens of a twin pair with JMML: microarray gene expression profiling and classification of the diagnostic samples, using the diagnostic classifier model [11] ; cytogenetics, including karyotyping, FISH and aCGH to define the specific chromosome 7 aberration at relapse of Twin_01; flow cytometric sorting of whole bone marrow and peripheral blood in subpopulations, according to cell lineage origin and differentiation state; Sanger sequencing and Amplicon Ultra Deep 454 sequencing of PTPN11 mutations to determine mutant allele frequencies; human leukocyte antigen (HLA) and short tandem repeats (STR) analyses of monozygosity; specific STR analysis of chromosome 7 to determine origin and extent of chromosome 7 aberrations.
Results and Discussion

A twin pair with concordant JMML
This study refers to a pair of monozygotic, monochorionic twins born at 36 weeks of gestation. At first presentation (age 19 month) Twin_01 was suffering from fever, low platelet count, anemia and hepatosplenomegaly. Peripheral blood (PB) smears showed monocytosis and low blast count (3% of blasts). A few months later, the bone marrow specimen showed dysplasia in myeloid cell lineages. The co-twin (Twin_02) presented no clinical symptoms of JMML at the same age but laboratory analysis revealed blood morphology and blood count data compatible with the diagnosis of JMML. Symptoms appeared 4 months later.
Analysis of the HLA system and STR analysis confirmed the monozygotic origin of the twins (Supplemental Figure 1) . According to differential diagnostic criteria, each twin received a diagnosis of JMML with a common PTPN11 mutation and abnormal chromosome 7 [10] . Disease timeline and progression is shown in Figure 1 , whereas treatment details were reported earlier [10] .
Clonal origin of JMML in twins with PTPN11 mutation and aberrant chromosome 7
Historical records on monozygotic twins with concordant leukemia revealed a high probability of a common origin for the disease, leukemia stem cells in one twin fetus being transmitted to the co-twin via a common placenta [4] . Table 1 shows 6 cases of concordant This twin pair was included here since the Ph+ karyotype was found only in the terminal phase of the disease and because it is the 'oldest' case reporting a twin pair with a myelomonocytic leukemia. *constitutional translocation also present in the father without hematologic abnormalities; ** alive at time of publication (1995).
JMML in monozygotic twins, suggesting a common clonal origin of the disease, even though, in most cases, no information concerning chorionic/amniotic type and genomic aberrations is provided [12] [13] [14] [15] [16] [17] . In addition, absence of disease concordance has also been noted in at least one case of JMML (Table 1) [18].
We present here the case of a twin pair with confirmed monozygosity and monochorionic placentation, a PTPN11 E76K mutation and a karyotype with -7 mar+. Array CGH had delineated diploid chromosome 7, p12.1 harboring sequences of 3 genes and known noncoding RNAs in each of the twins [10] . The presence of the same rare aberration of der 7 of maternal origin along with the same mutations of PTPN11 strongly corroborates the hypothesis that both events occurred in utero in one twin fetus first, the aberrations later being transmitted to the co-twin via the common placenta. Previous detection of KRAS and PTPN11 mutations in Guthrie cards of JMML patients is in line with their prenatal occurrence [19] . The possibility that the above aberrations in the twins could have occurred in utero as unrelated events is refuted.
Non-lineage restriction of genetic JMML markers
The clonal origin of JMML has long been recognized [7, 8] , but the involvement of all three major lineages (i.e. myeloid, B and T lymphoid) is a new finding.
The loss of both arms of chromosome 7 and the PTPN11 mutation in all subpopulations of the myeloid lineage as well as in the B and T-lineage show that both JMML inciting events occurred in the common hematopoietic precursors (Supplemental Figure 2 , Supplemental Table 1 ). We speculate that these common hematopoietic stem cells resided in the hypoxic BM niche of Twin_01 and that slightly differentiated progenitors left the niche and reached Twin_02 through common placental circulation.
Mutation load of PTPN11 in whole BM and PB samples diverged from the maximum of 50% for heterozygous mutations revealing a considerable presence of cells without PTPN11 mutations (Supplemental Appendix); similarly, the FISH analysis had shown the presence of nuclei with a normal karyotype. Comparable results were found in all cell subpopulations, which may suggest that also normal cells are present in the hematopoietic niche of the BM. The high percentage of non-mutated cells observed in PB samples may indicate that mutated hematopoietic cells are extremely prone to infiltrate different tissues.
Distinct gene expression signatures in Twin_01 and Twin_02
The twin pair showed two distinct gene expression signatures: the diagnostic classifier revealed an AML-like signature in Twin_01 and a non AML-like signature in Twin_02 (Supplemental Table 2 , Supplemental Appendix). Remarkably, Twin_01 relapsed twice following HSCT and deceased, whereas Twin_02 remained in remission after HSCT.
The highly discordant clinical disease course in the twins ( Figure  1 ) is in close concordance with our results on 44 cases with JMML. This study showing that patients with an AML-like signature have a poor prognosis, whereas patients with an non-AML-like signature have a favorable prognosis following HSCT [11] . The co-occurrence of monosomy 7 and PTPN11 mutation in the twins with an AMLlike and a non-AML-like signature was also previously found to be present in patients with distinct GEP-based classification [11] .
As described at diagnosis, the BM of Twin_01 presented with the same PTPN11 E67K mutation, as well as the loss of the long and short arms of chromosome 7, der7, p12.1 and an AML-like GEP signature, also at relapse (Supplemental Figure 3) .
Mosaic tissue mutations vs. disease related infiltration with mutated leukocytes
Constitutional mutation syndromes have been related to JMML along with recurrent mutations including NF1 (Neurofibromatosis type 1); PTPN11, KRAS, NRAS (Noonan syndrome) and CBL [20] [21] [22] . Also mosaicism in non-hematopoietic tissues for KRAS and NRAS has been recently reported in JMML patients [23] . Even though Noonan syndrome phenotypical features were absent in the twins, we analyzed other tissues looking for PTPN11 mutations in order to rule out the hypothesis that the genomic aberrations in the common hematopoietic progenitor cells may have occurred also in common mesentoderm progenitor cells.
We analyzed fibroblasts, hair follicles and oral swabs to fully exclude the presence of mutations beyond the hematopoietic compartment. No mutation of PTPN11 was detected in either fibroblasts or hair bulbs. We did find PTPN11 mutations in oral swab during the active phase of the disease (Supplemental Figure 4) but not following HSCT, when the twins were in remission. We assume that the PTPN11 mutations in both patients during the active phase of the disease with very similar mutant allele frequency can be attributed to monocytes infiltrating the oral mucosa and not to the presence of mosaic tissue mutations [23] (Supplemental Figure 5) .
With respect to the absence of PTPN11 mutations, also two copies of chromosome 7 were found in fibroblasts, hair bulbs and during remission in oral swabs. Aberrations of chromosome 7 were detected only in the active phase of the disease.
Implications for clinicians and translational research
Our study of a twin pair with JMML and identical genetic and karyotypic features and historical reports of JMML in twins, leads us to infer that the disease triggering mutations were already present at birth in each monozygotic twin. To the best of our knowledge, only one monochorionic-diamniotic twin pair has been described so far and only one of the twins suffered from JMML [18] . This condition may be due to the absence of transfer of the NRAS mutated clone from one twin to the other during prenatal life.
In the case reported here, the seeding of cells with both inciting genetic aberrations in the twin pair occurred long before the onset of the disease at the age of two, as inferred from the common prenatal origin. Also the presence of the mutations was demonstrated in Twin_02 before the disease became clinically manifest. For this reason, along with historical data (Table 1 ) pointing to extremely high concordance of JMML in twins, our data indicate that an immediate diagnostic workup for differential diagnosis of JMML in twins is mandatory, in case one of them presents with clinical features suggestive of JMML.
Mutant allele frequency levels in total BM and PB specimens and in the sorted cell populations (Supplemental Appendix, Supplemental Table 1 ) also showed that nonmutated cells can be found at all levels of differentiation. This suggests that there is still room for investigation into the therapeutic strategies aiming to spare healthy cells and eliminate mutated cells.
Monocytic leukemias are highly invasive and spread to other tissues, especially to the spleen, skin and mucosa. As a consequence, oral swabs taken in the active phase of the disease as well as other tissues that are subject to monocyte infiltration are not the most appropriate specimens, if we aim to look for any constitutional or mosaic tissue mutations, since the mutations may be attributed to infiltrating mutated leucocytes. In case of positive oral swab specimens it is advisable to repeat the mutation analysis on different tissues.
Finally, non-AML-like signatures in one of the twins with JMML warrants success of current therapies, whereas AML-like signatures along with a high incidence of relapses highlight the need to eliminate the mutated common hematopoietic cells in the bone marrow niche. STR approach for forensic human identification was used to identify with high accuracy the monozygosity of the twins. Identical profiles were obtained from both twins.
• Detection of monosomy 7 was performed using two markers of chromosome 7, i.e. D7S1818 and D7S1805. In distinct subpopulations, loss to various extent of material of chromosome 7 was revealed. Twin_01 showed similar losses of chromosome 7 in subpopulations at diagnosis and the same losses were revealed at relapse.
Supplemental Figure 3: Molecular features of the twins after HSCT.
A. Twin_01 at relapse. The molecular features of Twin_01 found at diagnosis remained unchanged at relapse. Ultra deep sequencing confirmed the same PTPN11 mutation at (E76K) and FISH analyses revealed the presence of der 7 with the conserved p12.1 region, including 41 transcripts (array CGH profile, in the middle).
On the top, left-hand side of the figure, we show reads obtained with 454 for BM of Twin_01 at relapse. Substitution of A in G was identified with a MAF of 38,5%. B. Twin_02 in complete remission. Twin_02 ultra deep sequencing of PTPN11 mutation in exon 3 and FISH analysis showed normal features of the hematopoietic cells. On the bottom, left-hand side of the figure, we show reads obtained with 454 for BM of Twin_02 in complete remission after HSCT; no mutated reads were obtained compared to reference sequence of exon 3.
FISH analysis in both twins (right-hand side of the figure) was performed using probe CEP 7 Spectrum Aqua (Blue: B); Williams Region Probe FISH Probe Kit: ELN (7q11.23), Spectrum Orange (Red: R) / D7S486, D7S522 (7q31) Spectrum Green (Green: G). In the metaphase, chromosome 7 (signals B,R,G), and "der 7" (smaller signal) were identified, as indicated by the arrows.
Supplemental Figure 4:
PTPN11 mutations in oral swabs in the twins. Using 454 technologies, the presence of PTPN11 mutations in the oral swabs was detected only in the active phase of the disease (for Twin_01 at diagnosis and relapse and at diagnosis only in Twin_02). No PTPN11 mutations were identified after HSCT or during the remission phase. On the x-axis, oral swabs at different time points are indicated, i.e. at diagnosis, pre-HSCT, post-HSCT and at relapse after HSCT.
On the y-axis, the percentage of mutated reads identified using 454 technology is indicated. Each point gives the mean values of three independent oral swabs.
Supplemental Figure 5:
Network diagram of protein and their interactions. Representative protein-protein interaction network of cell cycle enriched genes differentially expressed in Twin_01 and Twin_02 generated from STRING database. The connecting lines indicate functional relationships and direct protein-protein interactions.
Supplemental Table 1 : PTPN11 mutation in sorted and unsorted cells derived from BM and PB in both twins.
Twin_02 at diagnosis BM PB
Percentage of total population
Percentage of mutated reads Table 2 : Genes differently expressed between Twin_01 vs Twin_02 at diagnosis selected with a Fold Change >1,5.
Genes down-regulated in AML-like signature versus Non AML-like signature
Probe set Gene Symbol
242496_at NA
Genes up-regulated in AML-like signature versus Non AML-like signature
1552908_at C1orf150
Supplemental Appendix
Materials and Methods
Written informed consent in accordance with the Declaration of Helsinki and the Local Ethical Committee was obtained prior to receiving Bone marrow (BM) as well as peripheral blood (PB), oral swab, fibroblast and hair bulb samples from a monozygotic twin pair with JMML. PB specimens of the patients' parents were also included.
Microarray experiments
Total RNA was extracted from total BM using Trizol (Invitrogen, Karlsruhe, Germany). RNA quality and purity were assessed on the Agilent Bioanalyzer 2100 (Agilent Technologies, Waldbronn, Germany). RNA concentration was determined using the NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies Inc, Wilmington, DE).
For microarray experiments, in vitro transcription, hybridization and biotin labeling were performed according to GeneChip 3'IVT Express kit protocol (Affymetrix, Santa Clara, CA). Human Genome U133 Plus 2.0 arrays were used (Affymetrix, Santa Clara, CA).
Microarray data (.CEL files) were generated using default Affymetrix microarray analysis parameters of GeneChip Command Console Software (AGCC). Gene expression-based classification was obtained using Diagnostic Classifier (DC) model [1] [2] [3] . CEL files can be found at GEO repository (GEO, http://www.ncbi.nlm.nih.gov/geo/; Series Accession Number GSE45736). Data were normalized using RMA performed in R (http://www.r-project.org). To identify differently expressed probe sets the fold change (FC) was calculated as the ratio between the values of Twin_01 and Twin_02 for all probe sets of the array. A FC>1.2 was chosen as indicative of genes with distinct gene expression levels in the twins (at diagnosis and at relapse). In a separate analysis, Gene Set Enrichment Analysis was performed using GSEA v2.0 with probes ranked by signal-to-noise ratio and statistical significance determined by 1000 gene set permutations. Gene set permutation was used to enable direct comparisons between selected common genes and FC>1.2 in the twin pair (Twin_01 at diagnosis vs. Twin_02 at diagnosis and Twin_01 at diagnosis vs. Twin_01 at relapse) [4] . Network diagrams of gene interactions were performed using STRING database 5 .
Cytogenetics, karyotyping, FISH and aCGH
FISH analyses were performed according to the protocol recommended by the manufacturer, using CEP 7 probe and Williams Region Probe ELN / D7S486, D7S522 FISH Probe Kit (Abbott Molecular/Vysis, Des Plains, IL).
Molecular karyotyping was performed using Agilent Human Genome Microarray Kit 244A (Agilent Technologies, Santa Clara, CA, USA) according to the Agilent protocol. Anomalies present in approximately 30% of the cells were the detection limit. Gains or losses ≤ 20Kb were not considered, due to technical resolution limits. 
Sorting lineage cells
Sequencing and Amplicon Deep sequencing of PTPN11 mutations
DNA was extracted using of the Puregene DNA isolation kit (QIAGEN).
From 5 to 20ng/ul of genomic DNA extracted from different tissues was processed for the generation of PCR amplicons suitable for deep sequencing, according to the manufacturer's protocol (Roche, Applied Science). Fusion primers with different MID were designed to amplify exon 3 of PTPN11 gene (Forward_PTPN11_ ex3_AAAATCCGACGTGGAAGATG; reverse_PTPN11_ex3_ TCTGACACTCAGGGCACAAG).
PCR product was purified using Agencourt AMPure XP beads (Beckman Coulter, Krefeld, Germany), quantified using the QuantiT PicoGreen dsDNA kit (Invitrogen, Carlsbad, CA, USA) and equimolar pooled together for the emPCR (library at 1 x 10 7 molecules/ ul). All data were generated using GS Junior Sequencer Instrument software version 2.3 (Roche, Applied Science). Image processing and amplicon pipeline analysis were performed using default settings of the GS RunBrowser software version 2.3 (Roche Applied Science). Sequence alignment and variant detection were performed using the GS Amplicon Variant Analyzer software version 2.3 (Roche Applied Science). Sanger sequencing was performed using BigDye chemistry (Applied Biosystems, Weiterstadt, Germany) [5] .
Human leucocyte antigen analysis
Donor-host bone marrow cell chimerism was determined by serology for HLA-A and B antigens and by high-resolution DNA typing for DRB1 antigens after HSCT from allogenic donors [6] .
STR analysis of monozygosity and monosomy 7
Analysis of human identification was performed using Short Tandem Repeat (STR) system used in forensic genetics [7] . Autosomal STR loci (D3S1358, vWA, D16S539, D2S1338, D8S1179, D21S11, D18S51, D19S433, TH01, FGA, D10S1248, D221045, D2S441, D1S1656, D12S391) and Amelogenin were amplified using the AmpFI STR NGM® (Applied Biosystem, Warrington, UK). AmpFI STR NGM® profiles were obtained from DNA: the 29-cycle amplification was made according to the manufacturer's protocol in a 25ul of final reaction volume, consisting of 10ul SGM plus reaction mix, 5ul NGM primer set and 10ul of gDNA at 0.1ng/ul. Amplified fragments were analyzed on ABI Prism 310 Genetic Analyzer (Applied Biosystem) and genotyping was carried out using GeneMapperID v3.2 Software. The identity of each allele was determined by comparison to an allelic ladder.
To detect the origin of the abnormal chromosome 7 (-7, mar+) and the extent of cells with two normal chromosomes 7 we used several markers (D7S2202, D7S3048, D7S1820, D7S796, D7S1839, D7S1818 and D7S1805) on chromosome 7 using capillary electrophoresis on PB and BM samples of the patients and on PB samples of the parents. We then used markers D7S1818 and D7S1805 on sorted cells from PB and BM. Peak analysis was made using Peak Scanner TM Software v1.0 (Applied Biosystem).
Mutant allele frequency detection
We used ultra deep 454 sequencing technology (Roche) to detect the variation frequencies of PTPN11 mutation. Considering PTPN11 a heterozygous mutation in these JMML patients, we calculated the percentages of mutated cells as twice the percentage of variation frequency. Percentages of mutated cells of total bone marrow, peripheral blood and each specific sub-populations were obtained after sorting.
Supplemental Results
Mutant allele frequency of PTPN11 in hematopoietic lineages
PTPN11 mutation was screened in all hematopoietic subpopulations after sorting of BM and PB cells on specific antibodies to isolate stem and progenitor cells, myeloid lineage, T-and B-cells.
Ultra deep mutation detection rate allows obtaining a quantitative resolution of variant allele frequencies and a number of mutated cells in a bulk of cells in the total bone marrow or peripheral blood. At least 2000 reads per amplicon of all specimens were achieved, thus giving significant power to the mutation allele frequency detection. Mutant allele frequency (MAF) in total BM was within a range of 41,62% -38,79% in the BM. Moreover, lower MAFs were observed in the total peripheral blood (range 34,26% -22,71%) (Supplemental Table 1 ). A mutant allele frequency of 50% is expected if all cells harbour a heterozygous mutation.
Analysis of sorted cells of the BM revealed high mutated allele frequencies for all maturation stages of the myeloid lineage, stem and progenitor cells and B-cells with more than 90% heterozygous mutated cells. T-lineage cells showed lower MAFs with less than 50% of mutated cells. The same scenario was observed in the peripheral blood where all subpopulations showed a MAF ranging between 22,71%-27,21% pointing at 45%-54% of mutated cells in the subpopulations.
Gene expression profiling
Gene expression-based classification using DC model classifier identified different signatures in the twins. Variance analysis of expression values of probe sets selected 1132 probe sets with a FC >1.2 (log2) between Twin_01 and Twin_02. Twin_01 showed a positive enrichment of genes related to molecular adhesion; otherwise genes more down expressed in Twin_01 than in Twin_02 represent genes related to cell cycle (mitotic phase), cell proliferation, cytoskeleton organization and B cell development as previously reported for JMML patients with an AML-like signature [2] .
On the basis of these results, we speculate that Twin_01 showed a mitotic arrest of cells and a block of proliferation that could reflect, at least in part, the high risk of relapse after HSCT due to an incomplete ablation of hematopoietic cells in the BM niche before HSCT. In the context of these results, analysis of the relapse specimen of Twin_01 identified a set of 17 genes with an even more pronounced downregulation compared to diagnosis. Using protein interaction database, a densely interconnected network among the set of genes with known roles in mitotic cell cycle regulation was discovered (Supplemental Figure 5 ) [5] .
